But at the receiver, the conventional SLM method needs exact bits of side information (SI) to recover the data signal. The probability of erroneous SI detection has a significant influence on the error performance of the system. And individual transmissions of SI result in the reduction of bandwidth efficiency. To restore the exact data signal, our scheme codes the SI bits by linear block codes (LBC), and is easily decoded by syndrome decoding. And then the coding SI bits are superimposed onto the logging signals to omit SI bits transmission. The theory and simulation results show that the proposed method has better performance than the conventional one. Accordingly, the OFDM wireless downhole transmission systems can tackle the high PAPR problem, and highten the transmission rate of logging signals.
Introduction
Nowadays, due to limited data transfer rate of mud pulse transmission [1] [2] [3] , no logging data can be transmitted real-timely to the ground. Schumlburger Company owns technology of pulse transmission instruments more mature than that of other companies, increasing the transmission efficiency to 5 -10 bit/s. But they only provide service but not device. As a consequence, the high-speed and efficient transmission of downhole signals has been the bottleneck in the development of downhole transmission technology. The Orthogonal Frequency Division Multiplexing (OFDM) is one of the core technologies for the fourth generation (4G) mobile communication systems with high transmission rate, high spectral efficiency, frequency selective fading tolerance due to multi-path, immunity to the frequency selective fading channels, and power efficiency [4, 5] . Consequently, OFDM technology has been applied to the downhole wireline transmission system [6] , such as LOGIQ logging system of Halliburton [7] , network LEAP800 logging system [8, 9] , downhole OFDM communication systems of Baker Hughes in patent [10] , remote wireless transmission [11] [12] [13] , etc. These systems improve the downhole transmission rate up to Megabit. They can overcome the drawbacks of the traditional logging transmission system, such as low transmission rate, poor efficiency and strong inter-symbol-interference (ISI), etc. Meanwhile, wireline systems [14] [15] [16] have poor stability of connection and complicated structure.
From the above, the OFDM wireless downhole transmission systems will meet the high-speed transmission challenge in the existing logging systems. But the systems are inefficient in power because of the high peakto-average power ratio (PAPR) inherent in OFDM signals. High PAPR values yield significant in-band distortion and undesired out-of-band radiation when it gets through a non-linear power amplifier (PA). Many schemes have been proposed to reduce PAPR, such as companding technique [17] , clipping [18, 19] , partial transmit sequence (PTS) [20, 21] , Code Blocking [22] [23] [24] , tone reservation (TR) scheme [25] , and selective mapping (SLM) [26] [27] [28] [29] . Among these schemes, SLM is more popular than others because it reduces the high PAPR of OFDM signal without distortion. However, the transmission of side information is one of the main drawbacks of SLM.
In this case, this paper proposes OFDM wireless downhole transmission systems and an improved SLM scheme to reduce PAPR. The proposed SLM method will sacrifice a little computation because of coding, but save bandwidth and improve error performance of systems. Consequently, the systems will make a good performance on high rate downhole transmission.
Novel OFDM Wireless Downhole Transmission Systems
The novel OFDM wireless downhole transmission systems are shown as Figure 1 . In the systems, waveforms { ( )} n s t are acquired by measuring devices (like sensors), and transmitted to a remote receiver for further control. The signals { ( )} n s t denote the original downhole signals. The bit sequences are obtained through analog to digital converter (ADC). Then OFDM modulations are carried out for these parallel bit sequences at OFDM transmitter. After the processed information passes through complicated downhole channel, the OFDM receiver does the inverse steps to restore the logging data { ( )} n s t . The OFDM wireless downhole transmission systems can reach a transmission rate of megabit per second. The transmission speed is much higher than that of the existing LWD transmission technology. Although OFDM has achieved great progress, the research on OFDM wireless downhole transmission systems have not been conducted by anyone so far. Once the systems are applied, they will further promote the development of high-speed and realtime downhole transmission technology. The main advantages of the novel OFDM wireless downhole transmission systems are:  High-speed transmission up to megabits per second or more.  The immunity to the frequency selective fading channels.  High spectral efficiency.  Easy installation.
Proposed SLM Scheme
In the systems, all the downhole logging signals are demodulated onto the carriers which are orthogonal to each other. If N sub-carriers are used, and each sub-carrier is modulated using logging symbols, the OFDM logging symbol ) (t s is expressed as ( ) 
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where n S are the logging symbols, and N is the number of sub-carriers. The PAPR of an OFDM logging signal is written as
where [ ] E ⋅ denotes the expected value.
The novel OFDM wireless downhole transmission systems have high PAPR, which requires linear, large-dynamic-range amplifiers that are inefficient and expensive to operate. This paper focuses on improving traditional SLM scheme which reduced PAPR without distortion.
The traditional SLM scheme requires the transmission of several side information (SI) bits for each data block. SI bits are the indexes of the selected vector to be transmitted. SI bits are generally transmitted as a set of log2 (U) bits. U is the number of phase sequences. The probability of erroneous SI detection has a significant influence on the error performance of the system. If the receiver does not detect the correct SI index, the whole data block will be lost each time. If the complexity is taken into consideration, the number of phase sequences is U = 8. Therefore it needs 3 SI bits to mark which vector is selected. In practice, a channel code must be used to protect the SI bits. In this paper, the linear block codes are used because of its easy implementation.
The Proposed SLM method is shown in Figure 2 , , , u U X X X X =  . Before IFFT, the SI bits are coded by linear block codes (LBC). Linear block codes (LBC) are a class of parity-check codes that are described as (n, k). The encoder transforms a block of k message digits (a message vector) into a longer block of n codeword digits (a code vector) constructed from a given alphabet of elements [4, 5] . Here, Take a (6, 3) code for SI coding. It has It is easy to obtain a 6-bit codeword mapping table as is shown in Table 1 . This mapping can also be indicated in Equation (3). That is, each of the set of 3 2 codeword { } U is described by = U mG (3) where m is the massage vector, a sequence of k message bits (1 × 3 matrix) . G is the generator matrix defined as the following 3 × 6 array: 
where
First k code is parity check bit to provide redundancy against errors. And the following n − k code is message sequence. The corresponding error correction decoding using syndrome test and error correction was introduced in [30] . With the parity-check matrix H , it can decode the re- 
As long as the parity-check matrix H is given, the relationship between parity check bit and information bits is completely confirmed in coding.
After being coded, the corresponding SI bits are superimposed onto the alternative logging symbol sequences according to Equation (6) . The obtained superimposed training sequence is
where β is a definite power allocation factor, and 0 ≤ β ≤ 0.1. The receiver makes channel estimation [31] to restore the original data information. Taking the phase sequence like Figure 3 can effectively lower the band radiation of the system and omit SI bits transmission. At last, the processed logging signals make IFFT R. Z. LUO ET AL. transformation and the OFDM logging signal with the lowest PAPR is selected to transmit.
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The Theoretical BER Analysis of the Improved SLM Method
The improved SLM method applies LBC to code the SI bits. It denotes 3-bits by 6-bits. Once one bit is erroneous, it will produce totally wrong receive signals. The decoding error probability of (6, 3) Line Block Code is:
Here 3 1, 2 j =  , denotes 2 3 different code words; n = 6; p presents transfer error probability with binary symmetrical channel. And ( )
. Error-correcting capability of code is denoted by t, If the bit error rate (BER) of conventional SLM is denoted by the BER of QPSK modulation QPSK P , the BER of the improved SLM P is 0 1 2 2
It is clear that, theoretically, the BER of the improved SLM is smaller than that of the conventional SLM.
Simulation Results and Analysis
The simulation of the proposed scheme and the conventional SLM schemes is performed for the OFDM system and OFDMA downlink system specified in IEEE 802.16 standard, which uses 256 and 2048 subcarriers respectively, QPSK, and 16-QAM, and 64-QAM modulations. During this OFDM system simulation, the number of used carriers is 256 and the numbers of phase sequence are 4 and 8. The 10000 input symbol sequences are generated randomly with uniform distribution.
The PAPR Reduction Performance Analysis
of the Improved SLM Method Figure 4 compares the PAPR performance between proposed SLM and Coded SLM (Chen and Liang, 2007) with u = 4, 8. Coded SLM with combining SLM and binary cyclic codes is used for both error correction and PAPR reduction. From the detailed view in Figure 4 , the PAPR performance of our scheme is better than that of the traditional SLM and the Coded SLM (Chen and Liang, 2007) . In the figures, "Coded SLM" denotes Coded SLM (Chen and Liang, 2007).
The BER Performance Analysis of the Proposed SLM Method
The channel of OFDM wireless downhole transmission systems is very complex. Simulations are carried out under the Additive White Gaussian Noise (AWGN) channel. Figure 5 compares 
Conclusion
This paper first presents the proposed OFDM wireless downhole transmission systems which are designed to provide a high-speed, real-time transmission of the downhole data. They can be promising systems to solve the bottlenecks of the existing systems. And the method of reduction PAPR in OFDM downhole transmission systems is first researched. This paper proposes a proposed SLM method using linear block codes without explicit SI and with better BER performance. It is needless to transmit and restore the side information about the phase rotation by using superimposed method. And the analysis of the BER performance analysis indicates that the proposed SLM scheme can reduce the BER. The proposed SLM scheme sacrifices a little computation because of coding, but both the encoder and decoder of linear block codes in our systems can be easily implemented.
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